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1 INTRODUCTION 
As a result of repair or protection of the building 
structure at least two component system: concrete 
substrate in contact with repair material is produced.  
An adhesion in this system is one of the most im-
portant factors that affect the durability of repair 
(Czarnecki & Emmons, 2002). The adhesion de-
pends on many phenomena taking place at interface 
zone (Courard 2005,  Silfwerbrand & Beushausen 
2006, Garbacz et al. 2005, Courard et al. 2011): 
presence of bond-detrimental layers, wettability of 
concrete substrate by repair materials, roughness and 
microcracking of concrete substrate, moisture con-
tent in concrete substrate versus repair material (i.e. 
cement or polymer mortar).  
The above factors imply that according to the 
many standards and guidelines, e.g. European 
Standard EN 1504-10 and ACI Concrete Repair 
Manual, the both bond strength and bond quality 
should be evaluated.  The pull-off test is recom-
mended for assessment of  a bond strength. The use 
of pull-off test, due to its semi-destructive character, 
is restricted by owners and managers. Therefore, the 
elaboration of reliable nondestructive method for an 
adhesion mapping is one of the most important 
tasks. A majority of NDT methods mentioned in EN 
1504-10 and ACI Concrete Repair Manual (2003) 
for assessment of concrete structures are based on 
propagation of stress waves. Particularly ultrasonic 
methods (UPV), impact echo (IE) and impulse-
response (IR) methods are recommended for evalua-
tion of repair quality. However, these investigations 
are rarely focused on evaluation of bond strength.  
To select the appropriate NDT method for repair 
quality control, the following factors should be taken 
into account (Carino 1997, Garbacz 2005) :  
− type and size of defects at the interface 
zone to be investigated; 
− thickness of  overlay; 
− type of repair material (cement based or 
polymer composites); 
− quality of concrete substrate (roughness, 
microcracking, saturation level). 
First two factors depend mainly on NDT method 
used. Type of repair material could affect a reflec-
tion coefficient. In the case of multilayer system the 
propagation of stress waves depends on differences 
in acoustic impedances of the both repair material 
and concrete substrate (Carino 1997). The reflection 
coefficient for concrete/air interface is equal nearly 
to 1.0 - there is almost total reflection at the inter-
face. Experimental investigations with I-E method 
have shown that usually an interface is “visible” if 
absolute value of R coefficient is higher than +0.24 
(Sansalone & Carino 1989). Garbacz (2015) showed 
that in the case of many commercial PCC and PC 
repair mortars it can be assumed that repair material 
and concrete substrate have similar acoustic imped-
ances (Fig.1). 
The above conclusions allow to assume that detec-
tion of flaws at the interface overlay - concrete sub-
strate can be performed with procedures developed 
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binder to aggregate ratio B/A
PCPCC
p/c=10% p/c=20%
for “solid” concrete structures. The effect of inter-
face should be taken into account in the case of 
overlays with acoustic impedance different than that 
for concrete substrate. eg. polymer coating, asphalt 
pavements, etc. 
Figure 1. The acoustic impedance of tested polymer-cement 
and polymer (w/o Portland cement) mortars and concretes rep-
resentative for commercial repair mortar; dotted line - typical 
range of acoustic impedances for cement concretes and mortars 
(adopted from Garbacz, 2015)   
 
 
The aim of this paper is analysis of the effect of a 
quality of concrete substrate on propagation of stress 
waves in repair system and their influence on possi-
bility of estimation of the bond strength. 
2 REPAIR SYSTEM AS AN OBJECT OF NDT 
ASSESSMENT 
Repair system is difficult to test with NDT meth-












Figure 2. Sketch of possible defects in repair system and ex-
ample of surface geometry of concrete substrate after milling 
  
Two main types of defects can occur in this sys-
tem that can affect stress wave propagation (Adams 
& Drinkwater 1997): 
− adhesion type (at the interface zone: over-
lay - substrate): various types of “non-
zero” volume disbands (e.g., voids, de-
laminations) and “zero-volume” disbands 
- weak adhesion areas (e.g. due to a pres-
ence of dust, oil, etc.);  
−  cohesion type (in repair material or/and 
concrete substrate): porosity, cracks, hon-
eycombing, partially non-hardened resin 
in the case of polymer material. 
Above defects are often resulted from operations 
that have to perform prior a repair as well as an ap-
plication of repair material. Surface concrete treat-
ment is used to remove deteriorated and carbonated 
concrete and any type of layer that causes the de-
crease of adhesion and to enlarge the area of contact 
surface by increasing surface roughness. The tech-
nique and the energy chosen induce many different 
profiles.  
It has been widely demonstrated that a surface 
preparation of concrete substrate prior repair can in-
fluence significantly on the microcracking level and 
surface roughness, the substrate saturation level and, 
as a consequence, it may affect the bond strength be-
tween repair material and concrete substrate.  
The effect of concrete surface roughness on the 
adhesion is not quite clear. Some authors found a 
correlation between adhesion strength and some 
“roughness parameters” (e.g. Fukuzawa et al. 2001). 
Courard et al., (2014) have shown, using multiple 
regression approach, that roughness is a statistically 
significant variable influencing bond strength. From 
other hands, a few authors (Silfwerbrand & 
Beushausen 2006,  Garbacz et al. 2005, Bissonnette 
et al. 2006) conclude that surface roughness itself 
does not have significant influence but microcracks 
induced by surface treatment mainly contribute to 
the deterioration of the quality of the bond. 
The effect of a bond coat is also discussed. Ac-
cording to one opinion (Silfwerbrand & Paulsson 
1998), the bond coat should be avoided because of 
creation of an extra plane of weakness. Moreover, 
bond coat could have a negative effect with very 
rough surfaces because it could limit a good inter-
locking effect between substrate and repair material. 
However, some authors have shown that a presence 
of bond coat can significantly increase the adhesion 
(Austin et al. 1995, Pretorius & Kruger 2001. Gar-
bacz et al. 2005). 
Using stress waves based methods for evaluation 
of bond strength needs to find answers whether the 
interface quality affects the stress wave propagation 
and if is it possible to extract from the signal any in-
formation related to the bond strength. 
3 TESTED REPAIR SYSTEMS 
In the framework of several project conducted at 
Warsaw University of Technology in cooperation 
with the University of Liege various repair systems, 
differing in concrete surface and interface quality, 
were tested. In the first stage, a commercial poly-
mer-cement repair mortar containing glass microfi-
 bers was applied on relatively weak concrete sub-
strate (C20/25) subjected, prior to repair, to surface 
treatments with different aggressiveness levels. As 
result concrete substrates with different roughness 
and microcracking levels (Tab.1) were obtained. 
Surface roughness was characterized by parameters 
of the waviness profile (high frequency filtration of 
profile) determined with a mechanical profilometer 
(Garbacz et al. 2005). 
 
Table 1. SEM observation and profile analysis of the concrete 
substrate C20/25 after various surface preparation 
 
Example of surface view 
SEM - magnification  100x 
Waviness profiles obtained 




Wa = 5 µm; Wt = 39 µm 
Grinding 
Wa = 32 µm; Wt = 219 µm 
Sandblasting 
 









Wa = 179 µm; Wt = 867 µm 
 
According to the manufacturer’s technical data 
sheet, this mortar should be used with a polymer-
cement bond coating because of its low workability 
(the details are given in Garbacz et al. 2005). The 
overlay (thickness 10 mm) was applied on the con-
crete substrate with and without a bond coat to ob-
tain different air void contents and levels of compac-














Figure 3. View of the interface between repair material and 
concrete substrate after various way of surface preparation 
without (left) and with (right) bond coat 
4. NDT MEASUREMENTS 
After 28 days of hardening, the IE and ultrasonic 
measurements were carried out. The IE measure-
ments were performed with Docter test system using 
the impactor of 2 mm in diameter to generate a 
stress wave. The same repair systems were tested 
further with ultrasonic pulse echo method using 
commercial digital ultrasonic flaw detector ULTRA 
CUD20 and a pair of transducers with nominal fre-
quency of 500kHz. This method are expected to be 
more sensitive to the presence of voids at interface 























































ceived A-scan consisted of characteristic peaks cor-
responding to the reflection from the interface. 
Afterwards, the adhesion between the repair ma-
terial and the concrete substrate was determined with 
the pull-off test (acc. EN 1542]). Additionally, the 
quality of interface was observed on the cross-
sections with light microscope.  
The results of investigations can be summarized 
as follows. As the surface roughness increased 
(Fig.4), the pull-off strength for the systems without 
bond coat decreased and more air voids at the inter-
face zone were observed (see Fig.3). In the case of 
system with bond coat the bond strength in repair 





Figure 4. Pull-off strength vs. waviness parameter Wa (a) and 
Wt (b) for different repair systems with and without bond coat 
(BC) 
 
The test results indicate that there is no correla-
tion between the pull-off strength and the P wave ve-
locity for the repair system with bond coat (Fig.5a). 
The bond coat filled properly irregularities of con-
crete substrate and air voids at the interface were not 
observed. The statistically significant relationship 
was obtained for systems without the bond coat - the 
P wave velocity increased as the pull-off strength in-
creases. In this case, the fraction of air voids at the 
interface increases when the roughness increases. In 
both types of repair systems the pulse velocity was 
not correlated with the substrate roughness (Fig.5b). 
The following trend was found in studying  the rela-
tionship between the amplitude of maximum fre-
quency peak and the pull-off strength (Fig.5c): as the 
pull-off strength increases, the amplitude value of 
peak decreases. Statistical significance of the rela-
tionship between the amplitude value of the highest 
peak and the mean waviness of surface profile 
(Fig.5d) was found for the repair systems without 
the bond coat, essentially because the fraction of air 
voids increased with the surface roughness. 
The results obtained indicates that for the IE 
method, the roughness of the concrete substrate does 
not affect significantly the P wave propagation 
through the repair system if the bond quality is suffi-
cient (absence of large voids at the interface). The 








Figure 5.  Relationships between parameters describing stress 
wave propagation and parameters describing repair system 
quality: pulse velocity IE vs. a) pull-off strength, b) mean wav-
iness of profile, Wa; amplitude of the highest peak of frequen-
cy spectrum of ultrasonic signal (c.u. – conventional unit) vs. 
c) pulse velocity IE and d) mean waviness of profile, Wa, 
(concrete substrate C20/25, overlays with (●) and without (o) 
the bond coat; adopted from (Garbacz 2015) 
 
The above relationship was investigated for 
stronger concrete, C40/50 (Garbacz et al. 2006). 
Four types of surface preparation techniques were 
used: polishing, sandblasting, scabbling and very 
high pressure water-jetting. The concrete slabs (600 
x 800 x 130 mm) have been covered by a self-
compacting commercial PCC mortars (3-cm thick). 
For the repair systems, two specific ranges of the IE 
frequency spectrums were analyzed: around the bot-
tom peak frequency and around frequencies corre-
sponding to the interface. The lowest mean values of 
bottom peak were obtained for polishing and hydro-
demolition. The amplitude of interface peak was the 
highest for polished samples. Scabbled and hydro-
demolished samples present similar values of inter-
face peak. The relationships between amplitudes of 
either bottom or interface peaks and parameters de-
scribing quality of repair systems were not statisti-
cally significant for any of the tested repair systems 
(Fig.6). 
Additionally the normalized frequency spectrums 
were characterized with RugoDS program  using 3D 
surface profile analyzing approach (Courard et al. 
2007). The number of I-E measurement from 1 to 10 
was the third axe parameter (Fig.7a) and all the sta-
tistic parameters (Fig.7b) for 3D distribution of fre-
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Figure 6. Amplitude of bottom (●) and interface (∆) frequency 
peaks versus: a) pull-off  strength, b) surface roughness index, 
SRI, c) length of crack (adopted from Garbacz et al. 2006) 
 
 
a)                                                     b) 
 
Wa: arithmetic mean deviation; Wt:  max height of amplitude  
Wp, Wm: max. and min. amplitude level respectively  
 
Figure 7. Example of 3-D frequency distribution and defini-
tions of IE frequency spectrum amplitude parameters applied 
for characterization of impact-echo signal 
 
There were no statistically significant relation-
ships between the amplitude parameters of I-E fre-
quency spectrum and the pull-off strength (Fig.8). 
The relations between statistical these parameters of 
frequency spectrum and parameters describing con-
crete substrate quality show some tendencies. 
Roughness and cracking influenced the minimum 
amplitude level, Wm, of the I-E frequency profile. It 
was observed that as the roughness (Fig.8b) and 
cracking (Fig.8c) increased the minimal amplitude 
of frequency profile increase, too. This tendencies 
could be interpreted as an increase of noise level in 
the I-E frequency spectrum due to roughness and 
cracking of concrete substrate. Similar results were 
obtained by Santos et al. (2011).  Their FEM simula-
tions indicated also that the roughness of a concrete 
substrate had relatively low influence on the result-
ing ultrasonic signal amplitude. However, they ob-
served that the pulse decreases in the presence of 







Figure 8. Maximum height of amplitude Wt, and minimum 
amplitude level, Wm,  of 3D frequency distribution versus (see 
Fig.7): (a) pull-off strength, (b) surface roughness index SRI, c) 
total length of cracks (adopted from Garbacz et al. 2006) 
 
The effect of substrate roughness and presence of air 
voids at the interface on stress wave propagation 
were also investigated using FE model of repair sys-
tem (Kwaśniewski & Garbacz 2008). The simula-
tions were performed for system with the same ge-
ometry like that used in the experiment and for two 
extreme cases of filing of surface irregularities: 
completely filled and non-filled surface irregulari-
ties. The surface geometry corresponded to real sur-
faces roughness obtained after sandblasting and hy-
dro-demolition under high pressure of previously 
described concrete substrate. The material; proper-
ties (E modulus and density) of the both concrete 
substrate and overlay were determined experimental-
ly. The results of simulations indicate that the pres-
ence of larger air voids at the interface can signifi-
cantly influence the stress wave propagation. This 
was observed in the both of experimental (Fig.9a) 
and FEM (Fig.9b-d) frequency spectra. If surface 
profile irregularities are filled, the surface roughness 
does not significantly influence the resulting fre-
quency spectrum (Fig.9d).  
 a)                                          b) 
   
c)                                         d) 
 
Figure 9. Typical frequency spectra for repair systems with 
concrete substrate after hydrodemolition: a) experimental re-
sults for plate; FEM simulations: b) examples of disturbance in 
wave propagation in the case of air voids presence at interface, 
c) frequency spectrum for substrate irregularities unfilled – 
presence of air voids at the interface, d) frequency spectrum for 
substrate irregularities completely filled (adopted from 
Kwaśniewski & Garbacz 2008) 
5. SUMMARY 
The multi-variants investigations showed that for 
the both IE and ultrasonic methods, the roughness 
and microcracking of the concrete substrate does not 
affect significantly the P wave propagation through 
the repair system if the bond quality is sufficient - 
absence of large voids at the interface. However, pa-
rameters describing roughness and microcracking of 
concrete substrate can be considered as important for 
improvement of reliability of the bond strength eval-
uation using stress wave based NDT methods. For 
example Sadowski & Hoła (2014) showed that sub-
strate roughness is an important factor for the pre-
diction of bond strength between the concrete layers 
in concrete floors using the nondestructive acoustic 
techniques together with artificial neural networks.  
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